less than 10% at the most severe unbalanced conditions. The prime purpose of the model is for the simulation studies of moreelectric aircraft power architectures at a system level; however it can be directly applied for simulation study of any other electrical power system interfacing with uncontrolled diode bridge rectifiers.
I. INTRODUCTION
There has been seen a significant penetration of power electronics into electric power systems (EPS) in recent years.
For example, terrestrial EPS's particularly at distribution level, promise a multiplicity of power electronic converters to handle renewable sources, energy storage or EPS conditioning. A similar scenario pertains for isolated and mobile EPS, such as more-electric aircraft (MEA) and more-electric ship. In the MEA the electric power conversion is required to manage power distribution, landing gear, flight actuation and other functions [1] .
The use of large numbers of power electronic devices brings significant modelling challenge at the EPS system level due to the system complexity and the wide variation in time constants. The challenge is to balance the simulation speed against the model accuracy and this is dependent on the modelling task. Four different modelling layers are defined according to the modelling bandwidths i.e. architectural models, functional models, behavioural models and component models [2] , [3] . The architectural layer computes steady state power flow and is used for weight, cost and cabling studies. In the functional level, the system components are modelled to handle the main system dynamics up to 150Hz and the error should be less than 5% in respect of the behaviour model accuracy. The behavioural model uses lumped-parameter subsystem models and the modelling frequencies can be up to hundreds of kHz. The component models cover high frequencies, electromagnetic field and electromagnetic compatibility (EMC) behaviour, and perhaps thermal and mechanical stressing. The bandwidth of component models can be up to in MHz region if required.
Targeting for acceptable simulation times for system-level EPS modelling, a number of approaches have been investigated. Average state-space models [4] are a standard technique for considering only the fundamental wave converter behaviour. Average modelling of ac distribution systems involves transforming the three-phase ac signals to a synchronous rotating dq frame, henceforth termed the dq0 model. This method has been used in modelling MEA electric power systems and is proved to be an effective technique [3] . A model with three-phase ac variables is henceforth called an abc model.
One of the disadvantages of the dq0 approach is that under faulty and unbalanced conditions double-frequency components appear and the simulation time steps must be drastically reduced to maintain accuracy. An alternative approach that can address this problem is dynamic phasors (DPs) [5, 6] . The DP method has been applied to the modelling of terrestrial EPS systems including imbalanced regimes [7, 8] . Comparative study of a simple EPS with line faults carried out in abc, dq0
and DP domain is given in [9] where the efficiency of the DP approach is demonstrated. The DP method has also been applied for modelling of electrical machines [10, 11] and flexible ac transmission systems [12] , including active filters [13] and static synchronous compensator (STATCOM) [14] . In [15] and [16] , a DP model for thyristor-based high-voltage direct current (HVDC) transmission systems is reported, although only balanced conditions are considered.
Different models for uncontrolled diode-bridge rectifiers (DBs) have been developed in recent publications. A comprehensive analytical model is developed in [17] and [18] , where different operation modes of DBs have been thoroughly studied. Another mathematical model for analysing DBs based on switching functions is introduced in [19] . An average model for DB is proposed in [20] . However, all these models are only for steady-state applications and the power supply is assumed to be balanced. This paper aims to develop a DP model for DBs. This model can be used for both steady-state and transient studies, under balanced and unbalanced conditions. At the time of this study development, no report on DB modelling in DP domain has been published. The most similar to DBs modelled using DP approach is a thyristor-based HVDC converter [16] . In addition, the model reported in [16] is suitable only for balanced operations. The DB functional model presented in this paper is based on the DB relations between ac and dc terminal variables. The negative sequence under unbalanced or fault conditions is treated as a disturbance in the model. Both the 2 nd and 6 th harmonic on the dc-link voltage are conveniently included in the reported DP model. This enables to cover the ac imbalanced voltage and dc ripple voltage for both continuous and discontinuous operation.
The main results of the paper are summarised as follows:
-The DP approach has been successfully applied to develop model an uncontrolled DB rectifier applicable for accelerated simulation studies of complex EPS, both balanced and unbalanced, and is consistent with the functional modelling layer specifications in [3] . The model is independent on other EPS devices and may be used as a library element interfacing within an extended three-phase EPS models -The model is verified experimentally under both balanced and unbalanced operation -The computational effectiveness of the developed model is proved through comparison against time-domain abc switching and functional non-switching dq0 models and a significant computational acceleration is demonstrated.
II. DYNAMIC PHASORS
This Section, in order to keep the paper self-containment and to assist readability, shortly revises the basic concepts that are employed for the development of the diode bridge model in DP domain. For the readers who are not familiar with the concept, it is recommended to refer to the basic DP theory [5] since it will be intensively used throughout the rest of the paper.
The DP concept assumes that a time-domain nearly-periodic waveform x(τ) can be represented on the interval τ(t-T, t] by a following Fourier series:
where ω s =2π/T and T the fundamental period of the waveform. X k (t) is the k th
Fourier coefficient in complex form referred to as a "dynamic phasor" and determined as follows:
where k is the DP index and angular brackets   are used to denote DP-domain variables. In contrast to the traditional Fourier Transformation (FT), these Fourier coefficients are time-varying as the integration interval (window) slides through time. As it follows, the DP represents the variation in specific frequency component over time. The required accuracy of the timedomain variable approximation can be achieved by appropriate selection of a DP set K for a particular modelling task. For example, for dc-like variables and signals the index set only includes the component k=0, and for purely sinusoidal ones k=1.
A key factor in developing dynamic models based on DP is the relation between the derivatives of the variable x(τ) and the derivatives of k th Fourier coefficients [5] :
This can be verified using (1), (2) , and may be used in evaluating the k th phasor of time-domain model. Another important property of DP is that the k th phasor of a product of two time-domain variables can be obtained via the convolution of corresponding DPs:
The properties (3) and (4) play a key role when transforming the time-domain models into DP domain. Algebraic manipulations in this paper will also exploit the following property of real functions x(τ):
where the notation * denotes a complex conjugate.
III. UNCONTROLLED DIODE-BRIDGE RECTIFIER
A key objective of this paper is development of a computationally efficient model that can represent the DB behaviour in both balanced and unbalanced supply conditions including line faults. The functional level modelling does not require consideration of switching behaviour [3] . Hence, our study is based on the non-switching model that is reviewed in this Section.
A three-phase diode bridge rectifier is well-documented ac/dc converter and it is shown in Fig.1 
where v m is the voltage magnitude, ω is the supply electrical frequency and φ is the initial phase angle. The fundamental of diodes switching function then is given as follows [22] :
The switching function (7) defines the input-output relations for the diode bridge:
where I abc =[i a i b i c ] T -an input ac current in vector-matrix form, v dc and i dc -rectifier output dc voltage and current. As it follows from (9) and (7), the input current is in phase with the input voltage (6) and its magnitude is:
In a presence of front-end inductance L s the dc-link voltage (8) reduces due to the commutation effect [22] . Normally, this effect is taken into account by introducing in (8) an additional term corresponding to a voltage drop across the resistance of r f value:
In the following paper sections we will also intensively use the voltage (6) expressed as a space vector:
It is convenient to analyse three-phase power electronic circuits in synchronously rotating frame [3] , [4] . Define the dq frame such that it rotates with the grid electrical frequency ω. Any three-phase variable f abc can be expressed in the dq frame such that:
where T is a transformation matrix:
Combining (8)- (10), (12)-(14) yields the following:
where v d and v q are d and q components of voltage vector (12) . Since the input current fundamental is in phase with the input voltage, its d and q components are as follows:
Under the balanced supply, φ is equal to the initial phase of the input voltage and can be derived from voltage d-and qcomponents:
Equations (15)- (17) comprise the relations between the DB input voltage/current expressed through their dq components and the output dc voltage/current. These equations will be employed for the development of DB model in the DPs domain.
IV. DYNAMIC PHASOR DB MODEL DEVELOPMENT
In this Section the non-switching DP-domain DB model is developed. We will start with establishing how to map the generally unbalanced supply voltage vector (12) expressed in terms of synchronous dq frame from time domain into the frequency domain of DPs and how the corresponding DPs can be derived from time-domain values of individual phase voltages v a , v b , v c for both balanced and unbalanced conditions. Then the DB input-output relations (15) will be transformed into DPs and the DP-domain DB model will be assembled using the derived relations.
A. Input voltages and current in dynamic phasors domain
In general cases, the DB terminal voltage can be represented by:
where V a , V b and V c are phase voltage magnitudes, and φ a , φ b , φ c -their phase angles. Applying the Euler formulae, each of these components can be rewritten as:
The DPs of phase voltages can be derived applying the definition (2) and selecting the DPs set as k=1 since (18) includes only the fundamental component:
Combining equations (12), (18), (19) and re-arranging the terms results in the following relation:
It is clearly seen that the two right-hand side terms define the positive and the negative sequences of input voltage vector.
The latter will appear under unbalanced phase voltages only. In terms of synchronous dq frame defined by (14) , the voltage vector (21) can be derived as:
Re-arranging the right-side terms results in: 
The following important conclusions should be made analysing the result given by (25) 
B. DC-link Voltage in dynamic phasors domain
In this Section we will transform the DB voltage input-output relation (15a) into the DP domain. The main challenge is due to a non-linear nature of this equation that makes the direct application of DP definition (2) non-analytic.
The approach we propose in this paper expands (15a) into a Taylor series with respect to v d and v q followed by the transformation of the truncated series into the DP domain. Considering the DB output voltage as a function of two variables v d and v q as follows:
Approximating (27) by the Taylor series requires selection of the operation point. The natural choice is the pair {v d , v q } under balanced conditions. Hence, the operating point is defined as {V d0 , V q0 } according to (25) . The Taylor expansion of (27):
where k i are constants depending on the selected operation point. These can be calculated using (24) 
The DPs 〈v d 〉 0 , 〈v d 〉 2 , 〈v q 〉 0 and 〈v q 〉 2 are given in the Table I in a previous Section. Hence, the DPs for dc-link voltage are fully defined.
C. Accounting for the dc-voltage ripple
The converter output voltage calculated using (29) 
Combining (30) with (8), (9) and (12) In a way similar to (20) , one can derive the corresponding DP: This extra DP can be added to the previously derived set (29) to represent the DB dc-link voltage in the DP domain.
The time-domain value of dc-link voltage can be calculated using the definition (1):
where k={0,2,6}. Hence, the dc-link voltage (34) includes the dc component as well as the 2 nd and the 6 th harmonics. Under balanced conditions the 2 nd harmonic is absent. However as the unbalance or line fault occurs, it becomes the dominant harmonic component.
D. Rectifier ac currents
The linear relationship between the magnitude of the current vector i m and the dc-link current i dc was given in (15b) and can be transformed into DP domain as follows:
The ac input currents of the rectifier are dependent on the dc load current which is determined jointly by the dc-link voltage v dc and by the load itself. In the proposed model the dc current is derived from its time-domain value measured at the model output and then converted into the DP. The DP index for 〈i dc 〉 k for linear loads should be chosen according to 〈v dc 〉 k , i.e. k={0,2,6}. However, using the following equation The main challenge in calculation of (37) deals with the establishing the DPs for non-linear functions sinφ and cosφ.
As in previous Section, the approximation is executed by a Taylor series. The non-linear terms are expressed via d-and qaxes voltage components: 
where h i and g i are constant coefficients that depends on a selected operation point and given in Appendix I. Hence, the DPs for the non-linear functions (38) are derived. Then, the DPs for DB input current d-and q-components can be easily derived using (37). Finally, if the modelling task instead of d-and q-current components requires the current in a form of three-phase ac variables, then the DPs (37) have to be transformed into abc frame as described in the following Section.
E. DQ0 to ABC transformation in dynamic phasors domain
Applying the convolution property to the abc/dq transform given by (13) and (14) yields: is the generalized inverse matrix T:
Calculation of 〈T -1 〉 1 requires the DPs for cosωt and sinωt. As ω is constant, the DP index for these will include the only component k=1, hence employing (2) Using (43), the DP of input currents in abc frame can be derived easily. Furthermore, applying definition (1), the corresponding time-domain current values can be calculated as well.
F. Model assembling
The equations derived in the sections above can be combined together in order to build the DP-domain model of the uncontrolled bridge rectifier as it is shown in in Fig.2 . Table I Current Relation (37), (40) and Table I dq/abc Transform (41) The current flow shown in Fig.2 Fig. 2 can be used in EPS simulations with no need for the user to understand DP theory. In case studies when the DB rectifier is fed through an inductive line, a small capacitor should be added at input terminals to avoid model state redundancy and related numerical problems. For the user who wishes to build the entire EPS model in the DP domain, the model does not need the interface blocks (coloured in grey in Fig.2 ) since the DP variables are already available and the DB model can be directly interfaced to the other EPS model blocks.
V. MODEL ERROR ANALYSIS
In the diode-bridge DP-domain model derived in previous Sections we employed linearization of (27) and (38) around the operation point determined by the voltage positive sequence; the negative sequence was treated as a disturbance.
With the increase of the negative sequence this consideration may result in some modelling error that is a subject of analysis in the current paper Section.
Consider the modelling error  defined as:
where v dc_BM is the dc-link voltage calculated by the benchmark model (this is a full switching model in three-phase coordinates) and v dc_DPM is the same calculated by the DP model. The analysis has been performed for the discontinuous mode case described in the previous Section with the set of phase voltages as: It is clearly seen that the model error greatly depends on unbalance factor λ. This is reasonable since with the increase of λ the disturbance from the negative sequence becomes more severe and thus the operation point shifts from {V d0 , V q0 } as selected for linearization of (27) and (38). The modelling error has a maximum when  b =5π/6 and V b =120V -at these values λ takes an extreme value. In practice, if the negative sequence becomes dominant, i.e. λ>1, the operation point should be selected using the negative sequence {V d2 , V q2 } considering the positive sequence as a disturbance. Thus, the model can be conveniently adopted for this case. Hence in the error analysis we only have to consider the cases when λ[0,1] (below the horizontal line λ=1 in Fig. 3(b) ) . For the case of balanced operation λ=0 the modelling error is less than 2%. The line-to-line fault can be considered as the case when λ=1 and V b =120V; the modelling error for this event is less than 10% as follows from Fig. 3(b) . For the case of phase-to-ground fault (V b =0V) the modelling error is very small and is always less than 2%. The modelling accuracy analysis confirms that the developed DP model is well suitable for the functional modelling of uncontrolled diode-bridge rectifier. The accuracy of the DP model will be experimentally validated and discussed in the 
VI. MODEL EXPERIMENTAL VALIDATION
A test rig shown in Fig.4 with parameters given in Appendix III has been employed for the model verification. A programmable source Chroma II has been used to apply balanced and unbalanced voltages to the DB. The model has also been verified in continuous and discontinuous current modes as reported below. In the simulation model, small capacitors (C=1e-8F) were added between the diode bridge and the line inductors as suggested in Section IV.F above. As can be seen in Fig. 5(a) , under the balanced condition t<0.2s, v dc has the 6 th harmonic component. With the 6 th harmonic included in the DP model, the results from the experiment and DP model are well matched. After the line-toground fault, the dc-link voltage fluctuates at double frequency. In this case, the 2 nd harmonic is included in the DP model and the results from the experiment and simulation are well matched. The DP model and experiment results for i a,b,c are shown in Fig. 5 (b) and they are well matched before and after the fault occurs. The DC-link current i dc is shown in Fig. 5(c) and it changes from a continuous current mode (CCM) to a discontinuous mode (DCM) when the fault occurs. It can be seen that under CCM and DCM conditions, the DP model demonstrates good performance in both cases.
B. Discontinuous mode
In As can be seen in Fig. 6(a) , v dc has a 6 th harmonic under the balanced condition and a 2 nd harmonic under the line fault condition. In both cases, the results from the DP model are well matched with experiment. The ac side currents from the experiment and the DP model, shown in Fig. 6(b) , are well matched before and after the fault occur. The dc-link current i dc , shown in Fig. 6(c) , indicates that the rectifier works under the DCM under both normal and faulty conditions. The results from the experiment and DP model are well matched in both cases.
Following the results in this section, the proposed model successfully verified under balanced and unbalanced operation, in both continuous and discontinuous current mode.
Since the accuracy of the DP model has been validated, this section will focus on the assessment of the computational performance of the developed DP model. For this purpose, different modelling techniques have been applied to an example EPS given in Fig.7 and the CPU time taken for simulation run has been compared. The simulated scenario includes balanced and unbalanced operation, as well as continuous and discontinuous DB modes as detailed below. The system parameters are given in the Appendix III.
DP DB model DP RLC cable [6] DP fault injector [6] DP RLC cable 
RLC cable in dq0 [20] RLC cable in dq0 [20] -An EPS with all the elements are DP models as shown in Fig.7(b) . There are no three-phase time-domain variables in this model and it is referred to as DP model; -An EPS in which only the DB is modelled using DPs with three-phase interfaces as shown in Fig.7(c) . The EPS is seen by the user as a three-phase system and the DP formulations are not visible. This is termed the DP/int model; -An EPS with all the elements in dq0 frame [24, 25] as shown in Fig.7(d) .
A. Models comparison under balanced operation
The simulation scenario in this case assumes the DB operation in discontinuous model followed by impact of dc load making the dc-link current continuous at t=0.1s. The dc-link voltage and current for all the models are shown in Fig.8(a) . As one can see, the DP and DP/int models match very well to abc model in both discontinuous and continuous mode. In contrast, the dq0 model delivers correct average v dc and i dc values of v dc only in continuous mode, however in discontinuous mode it demonstrates a significant discrepancy compare to models. This is because in discontinuous mode when i dc becomes zero the capacitor discharges to the load impacting the average value of v dc , however the dq0 model does not include the effect of additional charging received due to the 6 th harmonic.
The CPU time taken by different models is compared in Table II . The DP and DP/int models in balanced operation are more than 20 times faster than abc model, however the dq0 model is much faster. The cumulative CPU time during the simulation is shown in Fig.8(b) . Note that when the continuous mode occurs the abc model slows down dramatically but DP and DP/int models maintain the simulation speed. This is because in discontinuous operation there are no commutating periods in DB and only two diodes conduct at any instant, however in continuous mode there are commutation periods requiring from the solver reduction of integration time-steps thus slowing down the simulation. Summarizing, in balanced conditions the DP and DP/int models are slower than dq0 model due to complexity and inclusion of higher harmonics, however the dq0 model is much less accurate especially in discontinuous mode.
B. Line-to-line fault
The unbalanced regime is simulated as a line-to-line fault (phases A and B are shortened via the fault resistor R fault =1e-4Ω) at t=0.4s. The switch Sw1 is "on" to ensure the continuous mode prior the fault. The dc-link voltage is shown in Fig.8(c) . As one can conclude, the DP and DP/int models match well to abc model under both balanced and unbalanced regimes. The dq0 model in the balanced condition (t<0.4s) reflects the voltage average value.
The CPU time taken by different models is compared Table III . As one can conclude, the efficiency of the dq0 model is lost in unbalanced operation. This is clearly seen from the cumulative CPU time graph in Fig.8(d) : the slope corresponding to dq0 model is the largest when t>0.4s. In contrast, the DP-based models maintain their simulation speed and for the entire scenario they are 40 times faster of compare to the abc model and 20 times faster than the dq0 model. Hence, the results above have confirmed a very good efficiency of the developed DB model compare to other modelling techniques, in particular -for simulation studies of EPS in unbalanced/line fault conditions.
VIII. CONCLUSION
This paper extends the DP concept into modelling a three-phase diode rectifier. Considering the fact that the 6 th harmonic is the dominant harmonic on the DC-link side under balanced conditions and the 2 nd harmonic for unbalanced conditions, the developed DP model achieved higher accuracy by embracing the 2 nd and 6 th harmonics in the DC-link variables. Compare to the traditional average model (dq0 model), the developed DP-based model is more accurate in the balanced condition and much more time-efficient in the unbalanced condition. The accuracy of developed more is validated using simulation and experiment. In addition, our analysis shows that the maximum error is less than 10% at the most severe unbalanced conditions. The model can be conveniently interfaced with other standard three-phase time-domain model and thus can be widely used in the accelerated electric power system simulation studies. 
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